We investigate the role of interfacial electronic properties on the phonon transport in two-dimensional MoS 2 adsorbed on metal substrates (Au and Sc) using first-principles density functional theory and the atomistic Green's function method. Our study reveals that the different degree of orbital hybridization and electronic charge distribution between MoS 2 and metal substrates play a significant role in determining the overall phonon−phonon coupling and phonon transmission. The charge transfer caused by the adsorption of MoS 2 on Sc substrate can significantly weaken the Mo−S bond strength and change the phonon properties of MoS 2 , which result in a significant change in thermal boundary conductance (TBC) from one lattice-stacking configuration to another for same metallic substrate. In a lattice-stacking configuration of MoS 2 / Sc, weakening of the Mo−S bond strength due to charge redistribution results in decrease in the force constant between Mo and S atoms and substantial redistribution of phonon density of states to low-frequency region which affects overall phonon transmission leading to 60% decrease in TBC compared to another configuration of MoS 2 /Sc. Strong chemical coupling between MoS 2 and the Sc substrate leads to a significantly (∼19 times) higher TBC than that of the weakly bound MoS 2 /Au system. Our findings demonstrate the inherent connection among the interfacial electronic structure, the phonon distribution, and TBC, which helps us understand the mechanism of phonon transport at the MoS 2 /metal interfaces. The results provide insights for the future design of MoS 2 -based electronics and a way of enhancing heat dissipation at the interfaces of MoS 2 -based nanoelectronic devices.
INTRODUCTION
Molybdenum disulfide (MoS 2 ), as one of the promising twodimensional (2D) materials, offers an alternative to graphene due to its unique electronic 1−4 and optical properties.
5−8
Monolayer MoS 2 can be exfoliated from the bulk MoS 2 crystal as a result of the weak van der Waals interlayer interactions or can be grown on substrates using chemical vapor deposition. 9, 10 The large intrinsic bandgap 1, 4, 8 and hexagonal planar lattice make it promising for flexible nanoelectronic applications such as field-effect transistors (FETs) with a high on−off ratio and low power consumption. 11, 12 However, an inefficient heat removal through the interface can become a challenge for the performance and reliability of MoS 2 -based nanoelectronic devices, especially due to the low thermal boundary conductance (TBC) at the interface of the MoS 2 and its metal contacts. 13 Only few studies, 13 nevertheless, have focused on analyzing thermal transport and predicting TBC at the interface of monolayer MoS 2 and metal substrates. ) using scandium (Sc) as a metal contact. 14 However, in contrast to the electron mobility of bulk MoS 2 crystal, that of monolayer MoS 2 ranges from 0.5 cm 2 /(V s) 9, 15 to 200 cm 2 /(V s) 11 using myriad types of metal contacts. In addition, the research showed that the band structure of monolayer MoS 2 is also influenced by metal contacts. 16 The carrier mobility of a field-effect transistor is limited by scattering from phonons, 17 which are considered the dominant energy carriers for interfacial thermal transport. 18, 19 Therefore, it is necessary to establish a fundamental understanding of the inherent connection between electronic properties and phonon transport at the interface of monolayer MoS 2 and its metal substrates in order to improve heat dissipation and device performance. Furthermore, the interfacial lattice-stacking configurations significantly influence electronic properties 20−22 and phonon transmission 23 for graphene-based devices. Our understanding of the effects of lattice stacking on the interface of monolayer MoS 2 /metals is far from being completed.
In this article, we use first-principles density functional theory (DFT) 24 and the atomistic Green's function (AGF) method to elucidate the physical nature of the inherent connection between electronic structure and phonon properties at the interface of single-layer MoS 2 and its metal substrates. We compare phonon transport at Au and Sc contacts with MoS 2 to investigate the differences in the interfacial spacing and electronic structure, which results in two types of interfaces: physisorption and chemisorption. The strong chemisorbed interaction at the MoS 2 /Sc interface results in a value of TBC that is 19 times higher than that of the physisorbed interface of MoS 2 /Au. To further illustrate how the electronic structure affects the phonon distribution and thermal transport across the interface, we investigate the effects of the lattice-stacking configurations of MoS 2 /Sc on electronic and phononic properties. We examine the three typical lattice-stacking MoS 2 /Sc interfaces and find that the charge transfer routines caused by the introduction of a metal substrate can affect the strength of the Mo−S bond, which results in the redistribution of phonon density of states (DOSs) and transmission. The influence of lattice-stacking configurations can result in TBC difference by more than 60% because of changes in the electron structure and the force constants. This study is the first to demonstrate the inherent connection among the interfacial electronic structure, the phonon distribution, and TBC, which provides insights into the future design of MoS 2 -based electronics and methods of enhancing heat dissipation at the interfaces of MoS 2 -based electronic devices.
MODELS AND METHODS
We optimize monolayer MoS 2 and its sandwiched structure with metals (Au, Sc) by the Vienna ab initio simulation package (VASP). A plane-wave basis set and the projector augmentedwave (PAW) method are used with the local density approximation (LDA) exchange-correlation functional. 25, 26 A precise description of the interface properties of metal substrates and MoS 2 might require an inclusion of the longrange dispersion interaction (vdW). However, a proper treatment of vdW into the framework of DFT is not a trivial task, despite it being actively investigated by the DFT community for the past decade. 27, 28 In fact, there is no universal DFT functional with a rigorous vdW correction that works for all types of systems. It is generally accepted in the community that generalized gradient approximation (GGA) to the exchange-correlation functional (without adding any vdW corrections) significantly underestimates vdW interactions, while LDA overestimates them or sometimes closely reproduces optimized structures of high-level functional calculations. Specifically, LDA reveals a very good performance in calculating interlayer distance and force constants; 16, 23, 29 thus, it is suitable for calculating interfacial TBC that is highly sensitive to the interlayer structure property. The lattice constants of the single-layer MoS 2 are obtained via structural optimization with the value of 3.12 Å, which is in good agreement with experimental results from the previous studies. 30, 31 In our calculations, we use the in-plane lattice constant of single-layer MoS 2 as the surface lattice constant in the sandwiched systems. The 2 × 2 unit cell of Au (111) substrate can match the √3 × √3 unit cell of MoS 2 with an ∼3.9% lattice mismatch, whereas the 1 × 1 unit cell of Sc (0001) has the lattice mismatch below 3.2% with the 1 × 1 unit cell of MoS 2 as illustrated in Figure 1a (Figure 2c,d ). These supercells contain 369 atoms for the Au/MoS 2 /Au system and 275 atoms for the Sc/MoS 2 /Sc system with the vacuum region of 16.5 Å. We apply 3 × 3 × 1 k-point grids to sample the Brillouin zone of these supercells. For the supercell system, the kinetic energy cutoff is set to 400 eV. To calculate the IFCs, the displacement length of each atom from its equilibrium position is 0.01 Å.
With the second-order IFCs directly obtained from the DFT calculations, we construct harmonic matrices which provide a reliable prediction of the interatomic interactions for the AGF calculations. 32, 33 The phonon transmission function and TBC at the metal/MoS 2 /metal interfaces can be obtained by AGF calculations, 23,34−36 where single-layer MoS 2 ("device") is sandwiched between two "contacts" corresponding to the hot and cold thermal reservoirs represented by semi-infinite metal bulks (Figure 2c 
∫ ∫
More details of the calculation of AGF method can be found in ref 32 . The TBC (σ) can be calculated by the definition σ = J/ ΔT.
RESULTS AND DISCUSSION

Chemisorption or Physisorption?
The LDA optimized distances between MoS 2 and the metal substrates are 2.82 Å for Au and 1.86 Å for Sc (for details see Table 1 ). The significant difference of the interfacial spacing is a good measure of identifying the nature of their interactions; Sc forms a strong bonding with MoS 2 (chemisorption type interaction), while MoS 2 bounds to Au by weak wave function overlaps (physisorption type of interaction). substrates overall shifts down MoS 2 states from the isolated states, which indicates charge transfer from the substrates to MoS 2 . However, the degree of orbital hybridization between them shows significant differences. For the case of MoS 2 /Au system, the dispersion of frontier states below the Fermi level involves the hybridization of Au surface states and s and p z orbitals of sulfur, yet the amount of occupation is small (see Figure 3b ). This indicates that the weak attractive binding is originated from the weak overlap between the S and Au orbitals and charge transfer to S. On the other hand, for MoS 2 on the Sc substrates, a significant portion of the previous conduction band states become occupied below the Fermi level (see Figure  3c ,d), indicating a strong charge transfer from Sc to MoS 2 . Figure 2a ,b shows the electron localization function (ELF) contours of the unit cell of MoS 2 /Au and MoS 2 /Sc. The ELF provides a description of chemical bonds by the probability of finding another same-spin electron in the neighborhood of a reference electron. 38, 39 At the MoS 2 /Au interface, electron localization is hardly observed, which means the Au substrate do not have much influence on the electron distribution of the MoS 2 and its interface. We call it a physisorbed interface. However, the strong interaction is indicated in Figure 2b at the interface of MoS 2 and Sc. A strong ELF overlap can be observed at the MoS 2 /Sc interface between the S and Sc atoms. Furthermore, the region of high ELF around S is not spherically symmetric and exhibits lobes directed toward the Mo and Sc atoms, which makes the bonding between Mo−S and S−Sc a mixture of ionic and covalent bonds. 40 We call it chemisorbed interface. To better understand the impact of the metal substrates on the electron redistribution of the interface, the plane-averaged electron density difference Δn was calculated in Figure 2e . The plane-averaged electron density difference Δn is defined as
where Δn Sandw (z), Δn MoS 2 (z), and Δn Metal (z) indicate the planeaveraged densities of the sandwiched structure, free-standing single layer MoS 2 , and metals, respectively. The large wavy peak between S and Sc atoms in the red region of Figure 2e indicates that the absolute magnitude of the plane-averaged electron density difference is dramatically higher at the MoS 2 /Sc interface than that at the MoS 2 /Au interface. It can also be explained by the stronger electron wave function overlap of both MoS 2 and Sc, resulting from the smaller interfacial separation distance. 3.2. Impact of the Interfacial Electron Structure on Phonon Properties. In order to investigate the impact of the interfacial electron structure on the thermal transport of different interfaces, we calculated the phonon transmission at the interfaces using the AGF method (Figure 4a ). The TBCs are calculated by the Landauer formula using the transmission function obtained from AGF calculations (Figure 4b) . Results show that phonon transmission across the MoS 2 /Sc interface is much greater than that of the MoS 2 /Au interface (Figure 4a ). In addition, Figure 4b shows that the TBC of MoS 2 /Sc is 19 times larger than that of MoS 2 /Au because of the strong bonding strength at the MoS 2 /Sc interface with chemisorbed interactions. To understand the mechanism of the thermal transport of these two different types of interfaces, we calculated the phonon DOSs of MoS 2 and its metal substrates using IFCs obtained from the DFT calculations 23, 41 in Figure  4c −e. Figure 4c compares (Figure 4c ). On the other hand, the phonon DOSs of MoS 2 in MoS 2 /Sc structure shift to the lower frequencies under the influence of the Sc substrate. It can be explained by the charge transfer among the Mo, S, and Sc atoms, which weakens the Mo−S bond. More details about the impact of charge transfer on the phonon distribution and the force constant will be discussed later. The DOSs shift of MoS 2 in MoS 2 /Sc leads to a better match with the DOSs of the Sc bulk, which enhances phonon−phonon coupling and results in a huge transmission peak in Figure 4a around 4 THz.
Furthermore, by comparing Figures 4d and 4e , we find that the significant phonon DOSs mismatch occurs between MoS 2 and Au, which results in low phonon transmission and TBC. In addition, the strong chemisorbed interaction at the MoS 2 /Sc interface not only influences the phonon distribution of MoS 2 but also changes the phonon distribution of first-layer Sc atoms. On the other hand, because of the weak physisorbed interaction at the MoS 2 /Au interface, the shape of phonon DOSs of firstlayer Au atoms near the interface remains similar to that of the Au bulk. These results also explain the different influence on the interface electronic structure and phonon properties caused by the two different type of interfaces. 
MoS 2 /Sc Interface with Different Lattice-Stacking
Configurations. To further illustrate how interface electronic structure affects the phonon distribution and phonon transport across the interface, we investigate the effects of lattice-stacking configurations of MoS 2 /Sc on electronic and phononic properties. Because of the strong chemisorbed interaction across the MoS 2 /Sc interface, thermal transport becomes more sensitive to the change of the electron structure.
Three typical lattice-stacking MoS 2 /Sc interfaces are examined. Figure 1b−d show the top and side views, in the x−y plane and x−z plane, of various lattice-stacking configurations of MoS 2 /Sc structures. We distinguish them as AA(Mo), AA(S), and AB. For structure AA(Mo), which has the most stable structure and lowest binding energy (Table 1) , Mo in the parentheses presents that the molybdenum atom is on top of the first layer scandium atom. The pair of S atoms is on top of the second layer scandium atom. The MoS 2 /Sc structure used in Figure 2 is AA(Mo). For structure AA(S), S in the parentheses presents that the pair of sulfur atoms are on top of the first layer scandium atom. The molybdenum atom is on top of the second layer scandium atom. For structure AB, Mo is on top of the second layer scandium atom while the first layer scandium atom is centered under the MoS 2 hexagonal ring. Structural optimization is conducted by DFT calculation, and results are shown in Table 1 . The results show that the TBC at room temperature is in the range of 107−282 MW/(m 2 K) depending on the stacking configurations in the order of AA(Mo) > AA(S) > AB (Figure 5b ). It is clear that structure AA(Mo) has the highest TBC because of its shortest interfacial distance and the best structural stability. However, structure AB has a lower interfacial distance but a lower TBC compared with the structure AA(S). One reason could be the Sc−S distance at the interface of structure AB is larger than that of AA(S). The strong bonding between Sc and S atoms makes the Sc−S distance more important than the actual interfacial gap. However, it cannot explain the significant difference of the shape of the phonon transmission curve in AB compared with the AA(Mo) and AA(S) structures (Figure 5a ). To explain this, we calculate the phonon DOSs of MoS 2 in various latticestacking structures (Figure 5c ). The phonon distribution of MoS 2 in AB reveal a significant difference compared with other structures. For structure AB, there are two large DOSs peak at the low-frequency range under 3 THz and almost no DOSs are between 3 and 6 THz, which leads to a large peak in phonon transmission marked by the red arrow in Figure 5a and the low transmission right after the peak. which results in the phonon redistribution of MoS 2 in Figure  5c . The intrinsic nature behind the charge transfer and phonon redistribution is the change of the force constant among atoms. More electrons transfer to S−Sc interface in structure AA(Mo) than that in structure AB, which enhances the strength of the bonding between S and Sc. Therefore, the interactions between S and Sc become stronger and lead to a significant increase of the phonon transmission and TBC. On the contrary, the electron transfer to Mo atom in structure AB is larger than that in AA(Mo), which further weakens the strength of the Mo−S bond. The physical connection behind this is the resultant decrease of the force constant between Mo and S atom, which will lower the phonon vibration frequency which keeps more phonons located in the relatively low-frequency region. The phonon DOSs of MoS 2 in structure AB in Figure 5c are the comprehensive results of the weakening of the Mo−S bond. It can also be demonstrated by Figure 6c . Figure 6c shows the plane-averaged electron density difference along the z direction to differentiate the impact of three different lattice-stacking configurations. It is obvious that AB reveals the largest electron accumulation at the plane of Mo atom compared with the other two structures. On the other hand, AA(Mo) has the largest electron accumulation at the interface between S−Sc, which enhances the interaction between the MoS 2 and Sc substrate leading to the increase of the phonon transmission and TBC. The results are also consistent with our previous conclusions.
CONCLUSIONS
In conclusion, we investigate the role of interfacial electronic properties on the phonon transport at the interface of monolayer MoS 2 and metal substrates. We find that different degree of orbital hybridization caused by the introduction of a metal substrate affects the interfacial phonon−phonon coupling and phonon transmission significantly. Strong chemical coupling between MoS 2 and the Sc substrate leads to a 19 times higher TBC than that of the weakly bound MoS 2 /Au system. For MoS 2 on the Sc substrates, a strong charge transfer from Sc to MoS 2 can be demonstrated by the significant portion of the previous conduction band states occupied below Fermi level. Furthermore, the effect of interfacial latticestacking configurations of MoS 2/ Sc leads to a significant redistribution of phonon DOSs and transmission at the interface. The extra charge transfer further weakens the Mo− S bond strength in lattice-stacking configuration of structure AB compared to structure AA(Mo). The resultant decrease in the force constant between Mo and S atoms keeps more phonons located in a low-frequency region which results in a 60% decrease in TBC. The findings in this study demonstrate the inherent connection among the interfacial electronic structure, the phonon distribution, and TBC. Such understanding is very important for nanoengineering of MoS 2 /metal interfaces in order to enhance the performance of its electronic devices.
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